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"""](BSTRACT
Instantaneous velocity and vorticity distributions and streamline topology
induced by an impulsively started cylinder are addressed experimentally. The
cylinder is moved horizontally in a quiescent-fluid at various depths of submergence.
A laser-scanning version of high-image density particle image velocimetry (HID-PIV)
is employed for instantaneous, quantitative flow visualization. These flow patterns
are compared with force measurements using a strain gage assembly.
The vortex patterns are a strong function of proximity to the free surface. The
corresponding drag and lift on the cylinder are influenced by not only the vortex
shedding, but also the effective added mass. Vortex generation occurs from the
cylinder, and also from the free surface. For a surface-piercing cylinder, the
buoyancy force is dominant; even though the generation of vortices is ~Itered
dramatically, the buoyancy force dominates the vorticity-based loading on the
cylinder.
A technique due to Lighthill is used to predict the loading on the cylinder by
considering the rate of change of the moment of distributed vorticity about the
cylinder. The integrals of the measured loading are compared with the vorticity
moments and good agreement is attained.
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1.0 INTRODUCTION
The hydrodynamic loading on offshore structures has received considerable
attention in recent years. Many offshore structures involve circular cylinders, so the
forces exerted on a cylinder in a steady or unsteady flow are of great interest,
especially when the cylinder is close to, or pierces, the free surface.
The flow pattems about, and the loading on, a cylinder in the presence of a free
surface are distinctly different from those of a completely-submerged cylinder. For
a completely submerged cylinder, in absence of free-surface effects, the flow
patterns and loading are functions of the Reynolds number Re= UD/v. If the flow (or
conversely the cylinder) undergoes harmonic m1n, the unsteady effects are_
described in terms of the Keulegan-Carpenter number Kc= UT/D, in which T is the
period of motion, U is the maximum velocity of the body, and D is the body
diameter. When Kc increases from small to sufficiently large values, the boundary
layer on the oscillating cylinder separates, leading to vortex formation. In the
presence of a free-surface, steady flow past the cylinder is defined in terms of the
Reynolds number Re and the Froude number Fr= UNgD or U/{ih, in which D and h
are the cylinder diameter and depth of submergence respectively to date. An
,
equivalent Fr for unsteady flow or oscillations of a cylinder beneath a free-surface
has not been defined.
Although many studies have addressed the interaction between cylinder motion
and vortex structure, the relationship between the vortex patterns and the loading
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on the cylinder has not been adequately clarified. Very few investigations have
addressed these phenomena in presence of a free surface.
1.1 Flow patterns and loading due to a cylinder adjacent to a free-surface
1.1.1 Nominally steady flow past a cylinder beneath a free-surface
Miyata et. al (1990) investigated the steady forces and the qualitative flow
patterns about a single cylinder placed in proximity to a free-surface. The
experimental results indicate that at the shallowly-submerged condition, the
difference of the flow in the vicinity of the top and bottom surfaces of the cylinder
causes asymmetric vortex generation and this results in a lower drag coefficient of
the cylinder and a higher frequency of vortex shedding. The first instantaneous
quantitative flow patterns were acquired by Sheridan et. al (1995). They
characterized the possible states of the wake when the cylinder is submerged at
various depths beneath the free surface. It is shown that the instantaneous vorticity
flux on either side of the jet is rapidly balanced immediately after the onset of
separation from the free surface.
1.1.2 Unsteady wave flow/unsteady cylinder motion beneath a free-surface
Several numerical simulations have studied the unsteady flow and loading in
proximity to a free surface. Most of these investigations are based on potential
theory, and are therefore valid only in the inertia-dominated domain, that is, for
small Keulegan-Carpenter numbers.
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A numerical boundary integral equation method combined with a nonlinear time
stepping procedure to is used to calculate the inviscid wave forces on a large,
submerged, horizontal circular cylinder by Skotner et. al (1994). They found that in
the proximity of the free-surface, a decrease in the submergence gives rise to a
small increase in the horizontal force coefficient while the vertical force coefficient
is reduced. The vertical force coefficient depends more strongly upon the wave
steepness than does the horizontal one.
Greenhow and Li (1987) reviewed the added mass as a function of cylinder depth
in the flow; Rahman and Bhatta (1992) predicted the added mass and damping
coefficient of bodies oscillating at a free surface. The numerical results are
compared with experimental data; the comparison shows good agreement. Viscous
effects have been accounted for in the investigations of Chaplin (1984). Although
no measurements of the flow pattern were made, the unsteady loading coefficients
were measured at relatively low values of Keulegan-Carpenter number Kc~4.
1.2 Flow patterns and loading due to a cylinder piercing a free-surface
Both the flow patterns and the cylinder loading are more complex when the
cylinder pierces the free surface. Vortex formation may occur from both the cylinder
and the adjacent free-surface. Contributions to the loading include the effects of
surface tension, buoyancy and added mass.
For the case of a cylinder piercing a free surface, and in a steady flow,
Triantafyllou and Dimas (1989 a,b) demonstrated analytically that the near-wake
-. can exhibit a convective, as opposed to a global instability. For a vertical, surface-
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piercing circular cylinder undergoing horizontal oscillations, Rahman and Bhatta
(1992) determined the low-frequency and high-frequency behavior of the
hydrodynamic coefficients. The viscous-flow problem of heaving motion of a floating
body with large amplitude of body motion was solved by Yeung and
Ananthakrishnan (1992). It is noted that the wave-damping component is quite large
at low frequency of oscillation, the phase shift of the force increases with the
increases in the amplitude of oscillation, and the computed viscous forces deviate
substantially from those of potential flow at low frequency. This deviation is a
measure of both nonlinear and viscous effects. The phase shift of the force with
respect to the body motion is attributed to the damping component of the forces.
The intensity of the vorticity field is larger, and vorticity generation at the free
surface, because of its curvature, can be observed in the case of large-amplitude
motion. This model can be applied to handle different body shape and arbitrary
motion based on the modification of the boundary conditions on the body surface,
and at the contact line.
Lin, Sheridan and Rockwell (1996) considered the case of a horizontal, semi-
submerged cylinder subjected to controlled perturbations in the vertical direction.
Patterns of vortex formation were strongly influenced by small variations in
perturbation frequency. The unsteady loading was not addressed.
Acceleration of the cylinder requires understanding of the added-mass concept.
For surface penetration, the added mass has been calculated for different entry
speeds of the cylinder by Greenhow and Li (1987). At the free surface (z=O), the
boundary cbndition is difficult to define. Here z is the distance of the cylinder center
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to the free surface. Coefficients for both sway (horizontal) motion and heave
(vertical) motions of the cylinder were calculated. Simple experiments indicated that
for sway motions of the cylinder, acj>laz= 0 on z=o is appropriate, but for heave
motions cj>=0 on z=o is appropriate.
1.3 MORISON'S EQUATION
A method of calculating wave forces on piles was first proposed by Morison,
Johnson, O'Brien and Schaaf (1950) and this provided a landmark in wave force
prediction methods. The formulation they proposed, the so-called Morison's
equation, forms the basis of most wave force calculation. Morison's equation states
that the horizontal force per unit length on a pile is the sum of an inertia and a drag
term:
(1 )
where p is the fluid density, U the instantaneous flow velocity, V the vertical pile
volume, A the projected area of the pile normal to the waves, Co and eM are the
drag and inertia coefficients respectively. The assumption is that the diameter of the
pile is small so that the water particle velocity and acceleration are essentially
constant across the diameter. This equation applies only to cylinders that are
totally submerged. Even in a well submerged situation, however, it still needs to be
modified for different cases.
Morison's equation was an approximate solution to a complex problem. To a fluid
dynamicist, a critical assessment of Morison's equation means understanding how
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a linear-quadratic sum represents the force acting on a body immersed in a given
time-dependent, separated flow. Equally important is the distinction between the
desire to improve it by the addition of one or more semi-empirically chosen terms
and the desire to understand the instantaneous behavior of the resistance in terms
of the formation, growth, and motion of vortices.
Morison's equation yields no information about the transverse force and seems
to be adapted best to a range of Keulegan-Carpenter numbers smaller than about
8 and larger than about 25, where the complex problems associated with the motion
of a few vortices are not as pronounced.
Nath and Harleman (1970) studied the response of a floating vertical cylinder
to random waves. It is noted that for deep water waves and large cylinder diameter,
CD can be ignored, and for shallow water waves and small cylinder diameter, the
inertia component CM is insignificant. Based on this conclusion, Dixon et. al (1979)
simplified Morision's equation to estimate wave forces on a partially submerged
cylinder. CD was discarded for large values of the object size to wave amplitude
ratio.
An attempt to account for the partially submerged cylinder can be made by
using a varying volume in the inertia term. Another term is included to describe the
varying buoyancy force exerted on the cylinder. Finally the initial buoyancy in still
water is subtracted. Thus the total force F is expressed as:
dU
F = CMPV(t)- +pg[V(t) - Vol = Finertia + Fbuoyancydt (2)
in which Vo is the initial immersed volume and CM=2.0. For small values of wave
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amplitude(small Kc), these theoretical results hav!3 fairly good agreement with
experiment (Dixon et. al 1979). This equation is a theoretical estimation of the
inviscid loading on floating bodies. CM is equal to 2 when the cylinder is at rest and
the fluid is accelerating, otherwise CM is equal to 1.
1.4 Force-vorticity relations
Forces acting on the cylinder can be measured by several approaches. Wu and
Sankar (1980) present a general theory for forces and moments through a rigorous
analysis of the viscous flow equations. Formulas relating aerodynamic force and
moment acting on one or more solid bodies to the rates of change of vorticity
moments in the fluid and the solid regions has been derived.
Lighthill (1986) was the first to suggest the relation between the vortex patterns
and the forces on the body. The decomposition of fluid loading into vortex-flow
forces and irrotational-flow forces is addressed. He estimated the vortex-flow forces
on an offshore structure based on the moment of a vortex flow, represented by the
following equation:
d(l PJXX~dV)
E=- 2
dt
(3)
Blevins (1990) addresses the concept of added mass in two different situations
by assuming an ideal fluid. First, consider a stationary cylinder in an accelerating
fluid stream; the net force on the cylinder per unit length can be expressed by the
following equation:
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(4)
The first term is a buoyancy force resulting from the mean pressure gradient in the
fluid; the second component is the mass of fluid entrained by the cylinder, it is called
added mass, and acts in the direction of the fluid acceleration. Second, consider a
moving cylinder in a stationary fluid. Then the added mass force on the accelerating
cylinder acts to oppose the acceleration of the cylinder, and the value per unit length
is
(5)
For many practical applications, when the cylinder moves through a free-surface,
not only vortex force, but also the added mass force and the buoyancy force exist,
and the buoyancy force dominates. So, based on the Lighthill technique, the lift and
drag per unit length can be expressed as:
D· L'- a(p!AXXfJJ.dA) 2(C dUo C dV.) F' [F ]. [F ]. ()1+ J- - at - npa Addx dt I + Addy dtJ - aJ + Free x l + Free yJ 6
The added-mass is a function of the cylinder submergence (Greenhow et. al
1987); here it is represented by CAdd, and subscripts x and y denote this coefficient
in the x and y directions respectively. Fe= pgM, FFree is the vortex force generated
from the free surface in both x and y directions. Fe is very sensitive with M; small
changes of M can give rise to large differences Fe. ltis important to emphasize that
eqn (6) is an approximation that does not rigorously account for the corrections to
the vortex force term at the free-surface.
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1.5 UNRESOLVED ISSUES
Although transient and oscillatory motion of cylinders in completely submerged
situations, i.e. well beneath the free surface, have been investigated extensively,
very little is known of the effect of a free-surface on the patterns of vortex formation
and the corresponding loading on the cylinder. If the free-surface is pierced during
motion of the cylinder, then additional effects must be taken into account. Finally,
if the free-surface undergoes significant distortion during motion of the cylinder, then
the mechanisms giving rise to the vortex formation and loading become particularly
complex. The unresolved issues may be defined as follows:
(1) During motion of the cylinder adjacent to an undisturbed free-surface, the
vortex patterns are expected to be a strong function of proximity to the surface.
Moreover, the corresponding lift and drag on the cylinder will be a function of not
only the vortex shedding, but also the effective added-mass, which also will be
a strong function of the surface proximity. These aspects have remained
unclarified.
(2) In the event that the cylinder pierces the free-surface, generation of vortices
is expected to be altered dramatically, thereby changing the vorticity-based
loading of the cylinder. In addition, surface-piercing may induce radiation of
waves away from the cylinder, which can substantially influence the inviscid
contribution to the loading. The buoyancy force has a large influence as well.
Virtually no insight is available into the combined effects of vortex formation and
inviscid penetration of the free-surface.
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1.6 OBJECTIVES
In general, the goals of this investigation are to characterize in detail the vortex
formation from the cylinder, the possible distortion of the free-surface, and the
loading on the cylinder, all in an instantaneous sense, using recently developed
experimental techniques. The specific objectives, formulated after consideration of
the foregoing unresolved issues and preliminary observations in our laboratories,
are as follows:
(1) For the case of transient motion of the cylinder beneath an undisturbed
free-surface, the pattems of vortex formation will be determined as a function of
degree of submergence beneath the surface, including the limiting case of
surface piercing. These vortex patterns will be related to the vorticity moments
and, in conjunction with the inviscid loading due to added-mass effects, the
basic mechanisms giving rise to the overall loading of the cylinder will be
determined. This approach, involving transient motion of finite duration, ensures
that all the generated vorticity remains within the field of view, allowing
straightforward application of theoretical models based on vorticity moments.
(2) For the situations described in (1), quantitative images of the velocity field
and distortion of the free-surface will be acquired using high-image-density
particle image velocimetry (HID-PIV). This technique will allow interpretation of
the instantaneous features of the vortex formation in conjunction with distortion
of the free-surface. Instantaneous patterns of vorticity will be related to
instantaneous streamline topology, interpreted with the aid of critical point
theory.
-11-
t,'
!(
2.0 EXPERIMENTAL SYSTEMS AND TECHNIQUES
2.1 Flow System
Experiments were carried out in the large-scale circulation water channel of the
Fluid Mechanics Laboratories in Lehigh University. The free surface water channel
consists of a transparent Plexiglas test section with reservoirs at the inlet and outlet
'It>
ends. The main test section has a width 933 mm, a length 5,000 mm, and a depth
724 mm. A smooth contraction section is built between the inlet reservoir and the
test section. The water level is 521 mm for this experiment. The flow velocity is
controlled by adjusting the motor that drives the main pump. There is no mean flow
in this study.
2.2 Experimental Set Up
The experimental setup consisted of a 304.8 mm long and 25.4 mm diameter
horizontal cylinder placed in quiescent water at different depths of submergence
(Appendix C-1). The resonant frequency of the cylinder was 20Hz, whereas the
characteristic frequency of interest was 0.28Hz. In order to reduce the three-
dimensionality of the flow past the end of the cylinder, two endplates of 368 mm
diameter were located on each end of the cylinder (Appendix C-2). Each end plate
was 6.4mm thick with 30° outward bevel. The forces indicated by the strain gage
system were not influenced by the end plates. There was no contact between the
cylinder and the end plate on the strain gage side due to a sub-endplate; the gap
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between the end of the cylinder and the interior surface of the end plate was kept
at approximately 1mm.
The cylinder motion was controlled by two high resolution compumotors, which
were connected to a microcomputer. The compumotor system consisted of an
indexer, a microstep driver, and a motor (model A1AX57-102). The indexer
converted commands from the microcomputer into signals that were sent to the
driver, then to control the motor.
The profiles to drive the motors were produced by Stream Function Generator
software (Magness 1990), which was executed by the ALT program (Magness and
Troiano, 1991). Additional commands were added in these SFG profiles to
synchronize the 35 mm camera and the rotating bias mirror. The trajectory of the
cylinder and the associated experimental parameters are shown in figure 1. At
trr=0, a ramp-type motion of duration O.4sec brought the cylinder to its steady-state
speed U=1.5inch/sec. Then the cylinder moved with a constant velocity U in the
horizontal direction, and the vertical displacement was defined
by Yc=A(1-cos(wt)) . The amplitude of the cylinder was A1d=0.25, d was the
cylinder diameter, and the period was T=3.49 sec. Ho is the distance from the free-
surface to the upper surface of the cylinder. This position corresponds to frame
number N=12 of the cinema PIV sequence. The onset of cylinder motion is
indicated by N=1 , and N=24 corresponds to the end of the cinema acquisition. The
speed of the cylinder was very slow, corresponding to low value of Froude number
(Fr), so that distortions of the free surface were negligible over the entire range of
interest.
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Six different cases of cylinder submergence were investigated, corresponding to
the maximum elevation -of the cylinder below the free-surface hJD=4.23, 0.76, 0.13,
-0.06, -0.13 and -0.24.
2.3 Force measurements by strain-gage system
The lift and drag forces on the cylinder were measured by a strain gage system
which was mounted on one end of the cylinder. The cantilevered strain gage sting
was constructed by Edward Tomlinson of ATLSS Research Center. The sting was
made of 3.175 mm square brass stock and had one strain gage (Measurements
Groups, Inc.; EA-13-125BT-120) mounted on each face. The strain gages were
waterproofed in order to allow it operation under water. All details of the strain gage
sting are documented in the report Strain Gage Stings (Tomlinson, 1996).
The strain gage sting should be operated carefully in order to obtain the correct
fluid loading on the cylinder. Calibration of the sting was performed at the beginning
of each experiment. The zero level of the output voltage must be carefully adjusted
until the system is stable. This adjustment was made before and after each
experiment. A standard test was compared with the result from Bearman et. al
(1985) to check the strain gage calibration in each direction. The drag and lift axes
were calibrated independently. The cylinder was oscillated at several Keulegan-
Carpenter numbers and the in-line force (CFnns) was calculated, CFnns={2n2IKc .
The force coefficient C can be expressed as:
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kVc---
1/2pU;D
(7)
where k is the calibration coefficient, V is the output voltage of the strain gage, and
Uois the maximum velocity of the cylinder. The assumption was made that the fluid
loading on the cylinder was equally distributed along the cylinder. The rms value
could be computed by multiplying this actual force coefficient by 0.707. It was noted
that the drag force in the downstream direction resulted in a positive voltage, and
the upward lift force resulted in a negative voltage.
The force data were acquired with the same ALT program that was used to
control the Compumotor. The force signal passed through a variable electronic filter
(Model 3750). The low pass mode was chosen, the gain was set at 24db, the cut-off
frequency was 100 Hz, and the multiplier switch was 0.01. There was 0.4 sec phase
shift between the original data and the data after the filter due to this setting. This
shift could be determined from either experiment or from the operation and
maintenance manual of the filter. ALT acquired the data through a Data Translation
DT-2801 series AID converter. The AID converter was set at a gain of 8, and a total
of 4,096 data points were obtained. FM2M program using a fast Fourier-Transform
was used to smooth the signal curve.
The net force created by the vorticity field was obtained by subtracting the effects
of the added-mass, buoyancy and vortices generated from the free surface. Force
measurements and quantitative flow visualization (PIV) could be compared using
the Lighthill technique, in order to obtain the relationship between the flow patterns
-15-
• ¢
and the forces.
2.4 Flow patterns and Forces via HID Particle Image Velocimetry(HID-PIV)
The instantaneous images of the flow structures were determined using a
scanning laser version of high-image-density particle image velocimetry (HID-PIV).
The PIV method has been proved to be a powerful tool for investigations of
separated, unsteady flows. Comprehensive reviews of the PIV technique are given
by Adrian (1986, 1991), Lourenco et al. (1989), and Rockwell et al. (1992, 1993).
A full description of the experimental approaches was also given by Rockwell et. al
(1992, 1993), Towfighi and Rockwell (1994).
The laser illumination employed a scanning laser beam, emanating from a
continuous wavelength Argon-ion laser (20 watts). The scanning was performed at
a sufficiently high rate that each of the photographic images acquired by the camera
corresponded essentially to an instantaneous snapshot. The beam impinged upon
a rotating mirror haVing 72 facets, which resulted in high speed scanning of the
beam. This approach provided an effective scanning frequency of the laser beam
of 170Hz. The shutter speed of the camera was selected so that four or five particle
images were recorded. A rotating bias mirror was placed in front of the camera in
order to overcome ambiguities associated with negative velocities in regions of
instantaneous reverse flow, and to minimize the dynamic range of the spacing
between particles.
The water channel was seeded with 12 micron, metallic-coated particles. The
images of each particle were generated by scanning the laser over the plane of
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interest. The laser sheet covered the region of interest of the flow field, allowing
application of PIV to obtain the instantaneous flow structure. A 12.7 mm long laser
window located 101.6 mm from the end of the cylinder was set into the test cylinder
in order to allow acquisition of high quality images in the immediate vicinity of the
cylinder. It minimized the shadow and distortion of the PIV laser sheet when it
passed through the cylinder. The window comprised a sub-cylinder which was filled
with distilled water in order to minimize the refraction of light.
2.5 Image Processing and Interrogation
The mUltiply-exposed images of each particle were recorded on 35 mm film
having a high resolution of 300 lines per mm. Determination of the instantaneous
velocity field corresponding to the recorded pattern of images required, first of all,
that the image patterns be digitized at a resolution of 125 pixels/mm ,using a Nikon
LS-351 OAF scanner, and the images were stored in Transferable Image File (TIF)
format. Then a single-frame, cross-correlation technique was employed to
determine the velocity vector at each location of the interrogation window. During
the interrogation process, a 50 % overlap of the interrogation window was
maintained in order to satisfy the Nyquist sampling criterion. Prior to evaluating the
vorticity, the velocity field was filtered using a Gaussian filter having a small p factor
of p=1.3. This filtering process generated insignificant distortion of the vorticity
distribution for the scales of interest. The size of the interrogation window in the
plane of the film corresponded to 0.72mm x 0.72mm. Because the magnification
factor of this system is 1:6.0, a 50% overlap gives a grid size of approximately
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2.16mm x 2.16mm in the physical plane of the laser sheet. Each interrogation
.,
window contained about 60 particle images in order to ensure that the seeding of
the flow satisfied the high-image-density constraint. The TRACETIF (Image
Alchemy, 1992) program was used to trace the cylinder boundary and free surface.
After the interrogation procedure, the post-processing Program V3 (Robinson,
1992) was used to clean up the "bad" vectors, Le., the vectors that resulted from
interrogation over dark, ambiguous regions of the images.
Then a program called NFILVB (Lin, 1994) was used to interpolate values for
the areas where the vectors had been removed. Interpolation was done in
accordance with the bilinear least square fitting method. The input file for NFILV
includes a smoothing factor, magnification factor, laser scanning rate, and bias
velocity to calculate actual velocities from the particle image displacements. The
interpolated velocity field was also smoothed using a Gaussian weighted average
technique described by Landreth and Adrian (1988), with a Gaussian smoothing
parameter of 1.3. Finally, vorticity was calculated from the velocity data. V3
program was used to trace the streamlines and circulation.
The next step was to create vorticity contours and streamline patterns using
SURFER (Golden Software, Inc., 1989). The minimum vorticity, maximum vorticity
and the vorticity increment were kept constant for all images so that vortex patterns
could be compared among the images. The IPE3 program was employed to delete
the small vorticities which could be negligible.
FORCE10 (Lin, 1997) was used to calculate the moments of vorticity based on
Lighthill method. The contributions to the moments due to positive and negative
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vorticities could obtained as well. The integrals of force and moments of vorticity
were compared. In this program, all of the outputs are normalized with respect to
1/2pU2•
The contributions of the moments of vortices to drag and lift were computed by
the INTEGRAL (Lin, 1995) program. The difference of instantaneous moments
could be acquired by DIFINTB (Lin, 1995). The results showed rate of change of
moments, and were used to explain the variation of the loading on the cylinder. The
calculated values have been normalized.
Autodesk Animator Pro is a very powerful software that can create computer
animations representing the evolution of the flow in the image plane. The procedure
of animation creation had to be divided into two stages. First, the VORTPREP data
file preprocessing program (Vorobieff, 1996) was employed to convert a time series
of griddled ASCII files into the format acceptable by POCO (internal Autodesk
Animator Pro graphics programming language). Then VOR2FLC (Vorobieff, 1996)
was run to generate a scalar field animation.
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3.0 RESULTS
In this study, the cylinder is placed at six depths of submergence: h*=hJD=4.23,
0.76, 0.13, -0.06, -0.13, -0.24. The amplitude of the cylinder motion is maintained
constant. For the same frame number, that is the same instant, the displacement,
velocity and acceleration of the cylinder are the same, even when the depth of
submergence is different.
In all of the cases, there was no evidence of free-surface distortion during
cylinder motion, which is due to the slow speed of the cylinder. PIV images and the
forces on the cylinder were acquired at each of the values of ho' In general, it was
noted that small changes of h* could induce radical alterations of the flow patterns
and corresponding loading. In all instances, the flow patterns for cases close to and
piercing free-surface were distinctly different from those of a fully-submerged
cylinder. The images of vorticity contours, streamline patterns and vector fields at
a given instant were examined, in order to compare the patterns of flow structure
at different submergence of the cylinder. Based on the Lighthill technique (1986),
the moments of vorticity were calculated to compare with the measured results from
the strain gage system. When referring to vorticity contours throughout this thesis,
the solid lines represent positive vortices, which correspond to counterclockwise
rotation of a vortical structure. And dashed lines represent negative vortices, defined
by the vorticity of clockwise rotation. For the moment contours, the solid lines
represent the positive values, and the negative values are represented by the
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dashed lines.
3.1 Instantaneous loading on the cylinder
3.1.1 Measured loading on the cylinder
In order to correlate with the instantaneous images of velocity, vorticity and
streamline topology given i'n the forgoing graphs, the lift and drag on the cylinder
were measured as a function of time. The drag coefficient Co and lift coefficient CL
per unit length are expressed by:
(8)
(9)
in which U is the maximum velocity of the cylinder, L is lift, D is drag, p is the density
of the fluid and D is the cylinder diameter.
The force measurement system was zeroed (offset) when the cylinder was
completely submerged in quiescent water. This zeroing process cancels out the net
force due to buoyancy and the weight of the cylinder.
The loading on the cylinder is expected to be a function of cylinder submergence.
Variations of the measured CD and CL as a function of frame number N, which are
proportional to time t (Lltrr=0.04), are shown in figure 2a and 2b.
The traces of CD and CL have the same general form for large values of nominal
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submergence hJD=4.23 and 0.76. For the small sUbmergence hJD=0.13, the CD
curve has substantial distortion in comparison with those at larger submergence.
The values of Co are between· 1.0 and 2.0 in these cases. The trace of CL has an
inverted form relative to traces at larger holD. Both hc/D=4.23 and 0.76 cases have
a maximum positive value of CL at N=12 when the cylinder is at the maximum
elevation, while there is a large negative value at hJD=0.13. As shown in the
vorticity contours, the effect of the free-surface is pronounced, having a significant
influence on the form and orientation of the vorticity concentration from the upper
and lower surfaces of the cylinder, as well as that shed from the free-surface.
For surface piercing cases, as shown in Figure 2b, both the CD and CL values
exhibit a pronounced trough when the cylinder reaches its maximum vertical
elevation at N=12. The buoyancy effects are significant for surface piercing
cylinders, and they are the reason for large negative values of CL• The buoyancy
force due to the displaced mass of fluid decreases during penetration process, and
the CL values are very large, substantially exceeding those generated by the
shedding of vorticity. The CL curve has the same shape for hc/D=0.13, -0.06 and -
0.13. This is established by the particular pattern of vorticity shedding occurring as
the cylinder close to the free-surface.
3.1.2 Force calculation based on Lighthill technique
Lighthill(1986) described the impulse concept which allows determination of the
instantaneous force in terms of the rate of change of the moment of distributed
vorticity about the cylinder. It is noted that this method can also be applied to the
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situation when a free-surface is present. For a three-dimensional flow, the
instantaneous vector form is:
d(.1P! xl\!JJ.dV)
D· L' 2 v1+ J=------
dt
(10)
in which X is the position vector of the fluid element, 00 is the vorticity value and V
is the volume surrounding the cylinder. The excess vorticity is to be included, based
on Lighthill's interpretation. For a two-dimensional flow, the instantaneous drag D
and lift L per unit length for a two-dimensional flow simplifies to:
D= -p!!! yoo dAdt A Z
dL=p-! xoo dAdt A Z
(11 )
(12)
The accurate computation of the calculated force requires a very small time shift
Llt between the images. This requirement is very difficult to satisfy with the existing
cinema PIV systems. Thus, the time integrals of Co and CL are considered in order
to identify the predominant vortex contributions.
3.2 Instantaneous Flow Patterns
Figures 3a to 5c show comparison of the vorticity distributions, streamline
patterns and velocity fields of the cylinder relative to the free-surface as a function
of holD at N=10, 17 and 21 for hJD=4.23, 0.76, 0.13, -0.06, -0.13 and -0.24. N=10
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corresponds to an instant prior to reaching the maximum displacement of the
cylinder. Frames N=17 and N=21 are during the downward motion.
Figure 3a exhibits the contours of constant vorticity at N=10. Both positive and
negative large-scale concentrations are formed for all these cases. For the range
of -O.13~hjD~O.13, the severing of the negative vorticity layer from the surface of
the cylinder is clearly promoted by the encounter of the free-surface with the upper
surface of the cylinder. A s~parated cluster of negative vorticity is generated to the
right of the positive vorticity concentration, and detaches from the cylinder surface.
The positive concentration of vorticity from the lower surface seems unaffected for
the entire range of hjD.
The velocity distributions, indicated in Figure 3b, show swirl patterns
corresponding to the vorticity distributions of Figure 3a. In the left column of Figure
3b, the velocity fields show the relatively large vectors oriented from the right side
of the cylinder. One part of the vector pattern is around the upper surface of the
cylinder, and the other part is about the bottom surface.
At hJD=O.72, flow is oriented to the right between the free-surface and the
cylinder. With decreasing cylinder SUbmergence, this type of reverse flow between
the cylinder and the free-surface doe? not exist due to the close proximity of the
cylinder to the free-surface. For smaller cylinder submergence, such as hJD=O.13,
there is significant flow from right to left between the free-surface and the top of the
cylinder. In the range of -O.24~hJD~O.13, a strong counterclockwise swirl pattern
appears along the bottom surface of the cylinder. It emanates from the forward
surface of the cylinder and reattaches to the rearward surface. The streamline
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patterns indicated in Figure 3c illustrate the vortex patterns. At hJO=4.23 and 0.76,
due to the upward acceleration of the cylinder at this instant, tile streamline pattern
exhibits a symmetric form, and the entire pattern is rotated clockwise. A well-defined
saddle point is clearly evident to the right of the vortex from the upper surface of the
cylinder at hJO=0.76. A half-saddle point is formed at the free-surface immediately
to the right of the vortex adjacent to the surface athJO=0.13. A similar saddle point
appears in this region of the free-surface at hJO=-0.06. At hJO=-0.13, a saddle
point appears to the right of the two swi.rJ.pattems of the large concentrations. In the
range of -0.24:;;hjO:;;-0.06 shown in Figure 3c, there is a large-scale bubble below
the cylinder. Patterns of nested streamlines are evident; they show multiple
separation lines from the forward surface of the cylinder and eventually reattach to
the rearward surface.
Figure 4a, corresponding to N=17, shows the instantaneous pattens of vorticity
after the cylinder has commenced the downward portion of its stroke. For the well-
submerged case, hJO=4.23, the relatively large-scale concentrations of vorticity
have the same form and circulation. It is evident that the vorticity patterns are
symmetric. Oue to the downward acceleration of the cylinder, the whole pattern is
tilted in the counterclockwise direction.
At hJO=0.76, the negative vorticity shed from the upper surface of the cylinder
is elongated, and is due to the decreased gap between the cylinder and the free-
surface.
For smaller submergence, case hJO=0.13, due to the close proximity to the free-
surface, the negative vorticity elongates and induces separation from the free-
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surface. The positive concentration is detached from the cylinder surface, has
moved to the right of the cylinder, and along the free-surface. The shedding of the
smaller, negative vortex from the upper surface lags formp,tion of the pronounced,
large-scale positive vortex from the lower surface. The switching of the vortex
pattern between hJD=0.76 and 0.13 is related to the inversion of the lift coefficient
indicated in Figure 2a. In the range of -0.24~hJD~-0.06, due to the penetration
process, shedding of vorticity from the upper surface of the cylinder has basically
been precluded. But the large-scale vortex formation from the lower surface
-
continues, resulting in large-scale vortex formation. At hJD=-O.06, the positive
vorticity moves upward and travels away from the cylinder surface. At hJD=-0.13,
the positive concentration detaches from the cylinder surface. There is no negative
vortex at hJD=-0.24.
Figure 4b exhibits the corresponding distributions of the instantaneous velocity
field. The large-scale concentrations of vorticity are generally indicated by the large-
scale swirl patterns. For all values of holD, there is a large-scale recirculation flow,
in the form of a bubble-like pattern, below the bottom surface of the cylinder. These
bubble-like patterns are evident in the corresponding streamline patterns shown in
Figure 4c. At hJD=0.76, the well-defined flow through the region petween the upper
surface of the cylinder and the free-surface is related to the formation of the
elongated vortex from the upper surface of the cylinder shown in the vortex patterns
of Figure 4a. At hJD=0.13, on the other side, this jet-like flow in the gap region does
not exist, which corresponds to different vorticity patterns as shown in Figure 4a.
Figure 4c indicates the streamline topology. At larger values of submergence
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hJD=4.23 and 0.76, there is no limit cycle shown in the streamline pattern at the
lower surface of the cylinder. A small-scale bubble on the bottom surface of the
cylinder exists. At smaller values of hJD=0.13 to -0.24, there is a limit cycle. The
streamline pattern spirals from the center of the vortex in an outward direction until
it merges with the limit cycle in each of these limit cycles. An unstable focus is
related to this outward spiral. The velocity vectors shown in Figure 4b indicate the
direction of the spiral. At hJD=0.13, two saddle points exist between the upper
surface of the cylinder and the free-surface, there is an essentially unidirectional
flow pattern from left to right between the gap, which is indicated by the velocity
distributions of Figure 4b.
Figure 5a shows a later stage of the vortex development from the cylinder. For
well-submerged case, hJD=4.23, due to the downward acceleration of the cylinder,
the entire pattern of vorticity concentrations is rotated further in the counter-
clockwise direction. The negative vortex from the upper surface of the cylinder still
leads that from the lower surface, and it is separated into two parts. At hJD=0.13,
the positive concentration is elongated and travels to the right. The right column of
Figure 5a indicates that in the range of -0.24:5:hJD:5:-0.06, only low level vorticity, if
any, is shed from the upper surface of the cylinder, even though a gap exists
between the free-surface and the upper surface of the cylinder. The development
of the positive vorticity concentrations of large-scale from the bottom surface
continues.
The corresponding velocity distributions are shown in Figure 5b. At hJD=0.76
and 0.13, jet-like flow exists in the gap between the free-surface and the upper
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surface of the cylinder. In Figure 5c, at all values of holD, the large-scale bubble
formed beneath the cylinder represents a major feature of the patterns. At
hJD=0.76, the streamline pattems show that the large counterclockwise orientation
of the velocity vectors corresponds to a clockwise swirl pattern, which is indicated
by the vorticity contours. A saddle point of the streamline pattern is located above
the cylinder. While a saddle point occurs at a location immediately beneath the free-
surface and above the cylinder at hJD=0.13, for small values of -0.24:s;hJD:s;-0.06,
a nodal line appears from the free-surface in the gap region.
3.3 The relations between flow patterns and corresponding loading
By using the impulse concept defined by equation (11) and (12), the images of
. the moments of vorticity Mwand their differences from one image to the next,
corresponding to LlMware used to explain the physical meaning of the force
variations. Based on the instantaneous vorticity distributions, the principal
contributions to the instantaneous moment of vorticity (Mw}o=-Ywz(x,Y) and
(MW}L=xwz(x,y) are calculated. Figure 6 shows the vorticity contours and the moment
contours that contribute to the lift and drag, that is (Mw}o and (MW}L, at ~/D=0.76, for
instants N=10, 15, 18 and 21.
Since the moments are proportional to the distance between the center of the
cylinder and the arbitrary position of the vorticity, higher values of moments occur
over the far regIons of each of the vorticity concentrations. At N=10 and 15, the
positive and negative vorticity are nearly symmetric, so they have similar patterns
of moment contours of (Mw}o and (MW}L' At N=18 and 21, the vorticity concentration
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shed from the lower surface of the cylinder makes a relatively small contribution to
drag. On the other hand, the vorticity from the upper surface has a significant
contribution to the drag. The contours of (MW)L are very similar to those of vorticity
00, because (MW)L varies linearly with x coordinate. Nearly all the vorticity is formed
from the right surface of the cylinder, that is x is always positive. At N=18 and 21,
the positive vorticity has both positive and negative y coordinate values, resulting
in negative moment contours between the two regions of positive moments (Mw)o
from the upper and lower surfaces of the cylinder. Based on the Lighthill technique,
the actual values of drag D and lift L are associated with the time rate of change of
the moments of vorticity, which can be expressed by I:::.Mjl:::.t. Thus, in order to
predict the loading, not only the moments of vorticity contribution at time to but also
at times before and after to should be considered.
Figure 7 shows the physical interpretation of this difference in moments. The
vorticity moments that contribute to drag and lift, due to positive vorticity at N=15
and 18, are shown in the left column. The two images in the right column illustrate
the difference between N=15 and 18 for (Mw)o and (MW)L respectively. The positive
region of (M)o at N=18 moves upward and is elongated in the streamwise direction.
Both (I:::.Mw)o and (I:::.MW)L are made up of two patches of opposite sign. The upper
positive region represents the part that is due to the new contribution of (Mw)o at
instant N=18. And the vacated part of (Mw)o at N=18, as well as the originally
existing (Mw)o at N=15 yield the lower, negative domain of (I:::.Mw)o. (MW)L due to
negative vorticity is comprised of all negative regions, resulting in two patches of
opposite sign in (I:::.Mw)u where the negative domain is on the upper side and the
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positive one is on the lower side.
A time sequence of flow images is illustrated in Figure 8. The images of vorticity
moments contributing to lift, (Mwk are shown in the left column for instants N=15 to
18. The images in the right column show the difference of vorticity moments, Le.
(LlMw}L between two successive instants. For (MjLJ a negative region is on the
upper side, and a positive domain is on the lower side, which are determined by the
vorticity contours. The images of (LlMw}L consist of an upper and a lower negative
region, a positive domain is nested in the middle between them. With increasing
time, that is increasing vales of N, the positive region moves upward. The upper
negative region in the right column is due to the region vacated at pervious instant
and the originally existing negative part at the later instant. The middle positive
regions of (LlMw}L are due to two parts.
Figure 9a shows the effect of degree of submergence holD on the patterns of
moment difference, Le., (LlMw}o and (LlMw}L' corresponding to Co and CL• At
hJD=4.23 and 0.76, the overall form of the patterns are very similar for (LlMw}L' At
the smaller value of submergence hJD=0.13, the patterns are altered significantly.
The regions of negative contours are separated by a positive region. And the
vorticity shed from the free-surface results in a region of positive contours. In the
right column of figure 9a, significant positive contributions occur from both the upper
and lower surfaces of the cylinder.
Figure 9b illustrates the patterns for later development of the vorticity field and
the corresponding moments. It corresponds to the instant~ of time represented by
N=15 and 18. At I:1JD=4.23 and 0.76, for the difference of moments that contribute
-30-
to the lift, which ar~ represented by (b.M)u two negative regions occur at the upper
and lower sides; in the middle there is a positive domain. At small submergence,
hJD=O.13, the contours are tilted clockwise; the development of all of the patterns
tends to occur close to the free-surface. And the rightmost portion of the positive
contours is due to the vortex shed from the free-surface. For the drag component,
there are large-scale positive regions on the upper side. The large-scale negative
domains are located on the lower side at hJD=4.23 and 0.76. At hJD=O.13, due to
the proximity to the free-surface, the positive domain detaches from the cylinder
surface and travels to the right, and the negative contours occupy the space
between the cylinder and the positive regions.
Figures 1Oa and 10b show comparisons of the measured integrals of Co and CL
from the strain-gage system with the calculated values of vorticity moments based
on the impulse concept of Lighthill technique, from N=6 to 12 and from N=13 to 21.
The added-mass has been subtracted from the measurements. In Figure 10a, in the
left column, the solid circular symbols represent the calculated integrals of CD due
to positive vorticity, and the hollow circular symbols illustrate the negative vorticity
contributions. The net results of these two types of symbols yield the square
symbols, which are shown by [fCddt]cal' The thick solid line represents the integrals
of CD from strain-gage system in which the added-mass has been subtracted .
designated by [fCddt]exp' The same type of terminology holds for the right column
of images in Figures 1Oa and 10b. It should be noted that the vertical location of the
thick solid line can be arbitrarily adjusted, due to the arbitrary constant from the
time integration of the original traces of CD and CL•
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4.0 CONCLUSIONS
The flow patterns and corresponding loading on an impulsively started cylinder
adjacent to a free-surface are addressed in this study. Simultaneous force
measurement using a strain-gage system and imaging via a cinema technique of
high-image-density particle image velocimetry are employed.
The flow pattems about, and the loading on, a cylinder in the presence of a free-
surface are distinctly different from those of a completely-submerged cylinder. The
instantaneous patterns of vorticity and streamline topology are a strong function of
proximity to the surface. The vorticity level and circulation of vortices formed from
the upper and lower surfaces of the cylinder, as well as vortex formation from the
free-surface, are strongly affected by the degree of submergence.
The streamline topology, which is characterized by the existence and location of
foci, saddle points, and separation and reattachment points, also illustrates large
changes with degree of submergence.
The corresponding instantaneous drag and lift, which are functions of the vortex
shedding, are also functions of degree of submergence. The physical meaning of
the instantaneous loading is' interpreted in terms of the instantaneous moments of
vorticity and the rate of change of these moments. The calculated moments are in
general accord with the time integrals of the loading on the cylinder.
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Figure 2b The measured values of Co and CL for case hJD= -0.06 and -0.13
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Figure 3c Streamline patterns at N=10
-41-
INTENTIONAL SECOND EXPOSURE
hjD=4.23
0.76
0.13
-0.06
-0.13
-0.24
Figure 3c Streamline patterns at N=1 0
-41-
hJD=4.23
0.76
0.13
-0.06
-0.13
-0.24
Figure 4a Vortex contours at N=17 Iwl min=3s-1, Llw=2s·1
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Figure 4c Streamline patterns at N=17
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Figure 4c Streamline patterns at N=17
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Figure 5.a Vortex contours at N=21 IwImin=3s·1, Liw=2s·1
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Figure 5.a Vortex contours at N=21
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Figure 5.b Velocity distributions at N=21
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Figure 5.b Velocity distributions at N=21
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Figure 5.c Streamline patterns at N=21
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Figure S.c Streamline patterns at N=21
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IwImin=3s·1, Lioo=2s-1, IMwl mln=O.001 5, LiMw=O.004s
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Figure 7 Moment of vorticity due to negative wand their difference between
N=15 and 18 for case hJD=O.76, IMooImin=O.001 S, LiMoo=O.004s
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Figure 7 Moment of vorticity due to negative wand their difference between
N=15 and 18 for case hJD=O.76, IMwlmin=O.001s, LlMw=O.004s
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Figure 8. Moments of vorticity contribute to lift and their difference
between N=15 and 18 for case hjD=0.76, IMwlmin=0.001s, LiMw=0.004s
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Figure 9a Moments of vorticity between N=15 and 18
for case hJD=4.23, 0.76 and 0.13, IMwlmin=0.001s, LiMw=0.004s
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Figure 9b Moments of vorticity between N=7 and 10
for case hJD=4.23, 0.76 and 0.13, ·1 Mwl min=0.001 s, aMw=0.004s
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Figure 10b Comparison of the calculated and measured moments of
vorticity for case hJD=4.23, 0.76 and 0.13 from N=13 to 21
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APPENDICES
Appendices A and B contain detailed flow patterns of hJD=4.23, 0.762, 0.130, -0.060,
-0.130, and -0.240. Appendix A contains the vorticity contours at various depths of
submergence. Appendix B gives the cross-comparison of vorticity contours and moments
of vorticity during the trajectory of cylinder at N=6, 7,10,12,16,17,21 and 22.
The V-moment is contributed to drag, X-moment is contributed to lift. Their expressions
can be expressed as:
-JA(.YWzdA)
(McJD ----
1/2U20
J}xwzdA)
(Mw)L ---
1/2U20
In all of the vorticity images, solid lines represent positive vortices and dashed lines
represent negative vortices. All of the vorticity and moments of vorticity contours have the
same minimum, maximum and incremental values of vorticity, which are Iwmin I=3s'1,
,
Llw=3s·1, I(MlIl) min I=0.001 s, and LlMlIl=0.004s. Appendix C shows the experimental
schematics.
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Figure 8-1-2 Moments of vorticity (Mw)o at N=6
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Figure 8-1-3 Moments of vorticity (MW)L at N=6
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Figure 8-2-1 Vorticity contours at N=7
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Figure 8-2-2 Moments of vorticity (Mw}o at N=7
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Figure 8-2-3 Moments of vorticity (Mw)L at N=7
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Figure 8-3-2 Moments of vorticity (Mw)o at N=10
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Figure 8-3-3 Moments of vorticity (Mw)~ at N=10
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Figure 8-4-1 Vorticity contours at N=12
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Figure 8-4-2 Moments of vorticity (Mw)o at N=12
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Figure 8-4-3 Moments of vorticity-(Mw)L at N=12
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Figure 8-5-2 Moments of vorticity (Ml.,)o at N=16
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Figure 8-5-3 Moments of vorticity (MeJL at N=16
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Figure 8-6-2 Moments of vorticity (MCJl}D at N=17
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Figure 8-6-3 Moments of vorticity (MlIl)L at N=17
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Igure 8-7-1 Vorticity contours at N=21
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Figure 8-7-2 Moments of vorticity (Mw)o at N=21
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Figure 8-7-3 Moments of vorticity (MlIl)L at N=21
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Figure 8-8-1 Vorticity contours at N=22
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Figure 8-8-2 Moments of vorticity (MeJo at N=22
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Figure 8-8-3 Moments of vorticity (Mw)L at N=22
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